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This paper presents an overview of challenges facing agriculture as a result of developing 
climate change and discusses adaptations the agricultural sector will need to make to meet 
these challenges. It provides a summary of:
• potential climate changes that could affect crop-production activities,
• characteristics that make a crop better able to adapt to climate change, and
• changes to crop production that are likely to occur in response to climate change.
expected Changes in Climate 
Global climate change is well-documented and generally accepted (IPCC, 007). at-
mospheric carbon dioxide (Co) levels, strongly linked to climate dynamics, have been 
steadily increasing since the onset of the industrial revolution. This increase is widely 
regarded as a major etiological agent of increasing atmospheric temperatures based on 
the heat-trapping capacity of Co, the “greenhouse” effect.  releases and atmospheric 
concentrations of other, more-powerful greenhouse gases (GHGs), such as methane 
(CH4) and nitrous oxide (no), have also been rising, contributing to ozone depletion 
and increasing temperatures (IPCC, 00). 
Climate change will cause increasing average atmospheric temperatures and evapora-
tion of surface water (Zhang et al., 000); increased incidence and periods of drought 
(Kerr, 003); and an increase in incidence of other extreme weather events (rosenzweig 
et al., 00; Kerr, 003). each of these emergent and interacting factors poses significant 
challenges to our current agricultural systems’ infrastructure and management practices, 
threatening our national and global food supplies.
Global temperatures are expected to increase by .5 to 4.5°C over the next 00 years 
(vaughan et al., 00). Canada, at its high latitudes, has already experienced more climate 
change over the last 00 years than have most countries (IPCC, 00; IPCC, 007). 
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The mean annual temperature within Canada has increased 0.5 to .5°C during the last 
century (Zhang et al., 000) and is expected to increase by 3 to 5°C over this century 
(IPCC, 007), with increases on the order of 8°C at the most northerly regions, reflecting 
a general trend for high latitude areas to show greater temperature increases than more-
equatorial areas. In addition, night temperatures have been shown to be increasing at 
greater rates than daytime temperatures (easterling et al., 997) and winter temperatures 
are increasing more than summer. although some areas are expected to have greater pre-
cipitation, others will generally become drier (Kerr, 003) due to reduced precipitation, 
increased evaporation resulting from increasing temperature and extended periods with 
unfrozen water in northern areas. Simulation models predict an increase in evaporation of 
 to 3% for each °C increase in atmospheric temperature (Lockwood, 999). However, 
this effect may be moderated by increased cloud cover (ohmura and wild, 00). In 
general, precipitation is predicted to increase at higher latitudes, but decrease by about 
0% in most subtropical areas (IPCC 007). Mendelsohn (000) indicated that global 
precipitation may rise by 7% with a global temperature rise of °C by 00.
observational data and output of twenty-three global-climate models indicate that, by 
the end of st century, growing-season temperatures will exceed the most extreme seasonal 
temperatures recorded from 900 to 006 for tropical and subtropical areas (Battisti and 
naylor, 009). anthropogenic warming of the Indian ocean disrupts onshore moisture 
transport, reduces rainfall and creates drought for countries dependent on rain-fed agri-
culture. Current tendencies could result in a 50% increase in undernourished people by 
030 (funk et al., 008). 
Increasing temperatures are also responsible for rapid shrinking of glaciers, which are 
vital sources of river water used for irrigation of large agricultural areas. In Canada, the 
Peyto glacier in alberta, which supplies river water used to irrigate neighboring prairie 
crops, has lost over 70% of its mass during the last few decades (Demouth and Pietroniro, 
003).
Melting of glaciers and polar ice will also result in increased sea level, threatening to 
submerge coastal areas, some of which are highly populated and maintain very productive 
agricultural land, with Bangladesh being the best example. a number of island nations will 
be at extreme risk. Sea levels are predicted to rise on the order of 50 to 00 cm by 00 
(Gregory and oerlemans, 998; IPCC, 007), the effects of which will be exacerbated 
by more-frequent, larger coastal storms.
Climate change is expected to increase the incidence of extreme weather events (IPCC, 
00; rosenzweig et al., 00; IPCC, 007), such as drought, heat waves, and heavy 
precipitation and floods, making crop production more unpredictable and difficult. wind 
speeds are also expected to increase due to an increased heat flux from the equator to the 
poles, resulting from increased temperature, increasing the potential for wind erosion of 
agricultural soils. Increased temperatures and intensive rains will accelerate the breakdown 
of soil organic matter, increasing nutrient leaching and soil erosion (Smith and almaraz, 
004; Lotze-Campen and Schellnhuber, 009).
Much of the climate change currently being recorded is attributable to the continuous 
increase in GHG emissions, most notably Co. This increase in atmospheric Co concen-
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tration will have direct and indirect effects on crop plants, not all of them negative; Co 
is often a limiting resource in plant canopies, and it is expected that an increase in Co 
will generally increase plant productivity and water-use efficiency by reducing stomatal 
aperture and/or number per unit leaf area (Drake et al., 997; IPCC, 007).
Crop Plants and Climate Change
Studies of climate-change impacts on crops have been largely confined to simulation 
models (Challinor et al., 009), and there is a need for empirical data regarding the 
relationship between climate trends and yield variability of major crops. 
Climate change is already affecting many organisms (Jensen, 003), impacting pho-
tosynthesis, water use and movement through the landscape, and distributions of crop 
and pest species. temperature and Co increases are expected to boost plant productivity 
and yields of crops like wheat, rice and soybean (Lobell and asner, 003), though this is 
not seen with small-grain cereals, important components of Canada’s agricultural indus-
try, which show accelerated development and decreased yields in response to increased 
temperature (Batts et al., 997). In high-latitude areas, the growing season is roughly 
defined by the time between the last killing frost in the spring and the first in the fall; 
these frost events invariably occur at night. Greater increases in nighttime than daytime 
temperatures are expected to lengthen the growing seasons more rapidly than average 
daily temperatures. This will result in an ability to produce crops and crop varieties re-
quiring more thermal-time for maturity. Climate warming will also allow production of 
new temperature-sensitive crops, such as fruit and nut trees in more northern locations 
than currently, for example in southern Quebec and ontario (Bélanger et al., 000). 
However, higher nighttime temperatures will also increase the rate of consumption of 
photosynthates through respiration, potentially offsetting some of the increases due to 
longer growing seasons (Smith and almaraz, 004). warming of  to oC at low latitudes 
is likely to produce a negative responses for crop growth and yield and small beneficial 
response at higher latitudes (easterling et al., 007).
Drier conditions will result in greater drought stress for crop plants (IPCC, 00, 007). 
Plants will likely respond by reducing stomatal aperture and/or number of stomata per 
unit area of leaf, decreasing water loss through decreased evapotranspiration; however, 
this will also decrease photosynthetic rates (flexas and Medrano, 00). Potential losses of 
photosynthesis from reduced stomatal opening may be offset by increases in atmospheric 
Co levels. This will, however, also increase average leaf temperature as a result of reduced 
evaporative cooling from the leaf surface. Increased Co levels have been shown to increase 
root-C dry weight, and plant responses have been observed to involve increases in the size 
of root systems, facilitating water acquisition and retention (Kimball et al., 00).
Yields of most agricultural crops increase under elevated Co concentrations; productiv-
ity increases are in the range 5 to 5% for C3 crops (wheat, rice, soybean) and 5 to 0% 
for C4 crops (maize, sorghum, sugar cane) (IPCC, 007; Lotze-Campen and Schellnhuber, 
009). The former will likely benefit through increased productivity as photorespiration 
losses are reduced, whereas the latter are not expected to show such benefits, at least not 
as substantially. However, C4 plants may receive a competitive advantage under warmer, 
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drier conditions, as they generally have higher water-use efficiencies, making them more 
adapted to these conditions. Climate change will, therefore, affect competitive interac-
tions between C3 and C4 plants and, by extension, crop-weed interactions (Kimball et 
al., 00; Lotze-Campen and Schellnhuber, 009). which photosynthetic type benefits 
more will depend on the interaction between water and Co availability, and so will be 
site-specific. 
although increased atmospheric Co has the potential to increase plant photosynthetic 
activity, the nutritional quality may be negatively impacted by shifting carbon:nitrogen 
ratios, leading to reduced protein levels and increased amounts of starch (Conroy et al., 
994; Jablonski et al., 00) limiting potential benefits from increases in plant produc-
tivity. 
nitrogen fixation has been observed to increase with rising Co (Iñaki De Luis et al., 
00) and may increase under drier soil conditions due to improved water-use efficiency 
under elevated Co levels (Yu et al., 00). 
Increased productivity of crop plants due to increased Co levels may force correspond-
ing increases in fertilizer demand, in order to achieve higher yield potentials. However, 
nitrogen-use efficiency is reportedly higher under elevated Co levels (Prior et al., 998), 
potentially mitigating increases in fertilizer demand. application of plant-growth-pro-
moting rhizobacteria (biofertilizers) and understanding signaling between bacteria and 
crop plants may also lead to improved plant productivity and, as a result, increase soil-C 
storage and reducing potential; some of these signals also have the potential to increase 
legume nitrogen fixation, reducing nitrogen-fertilizer applications in the long term and, 
therefore, reducing nitrous-oxide emissions (Mabood et al., 006).
enhancement of plant growth in response to increased atmospheric Co levels will 
also improve plants’ capacity to respond to pests and pathogens by providing additional 
resources to mount defense mechanisms (Street-Perrott et al., 997; Smith and almaraz, 
004; Lotze-Campen and Schellnhuber, 009).
The northerly migration of pest and weed species in response to warmer conditions at 
higher latitudes has already been documented (walther et al., 00; Ziska and runion, 
007) and poses serious challenges to growers unfamiliar with their management. Insect 
pests may also increase their numbers of generations produced per annum, thereby in-
creasing insect densities and associated predation of crops. temperature rise and elevated 
Co concentration could increase plant damage from pests in future decades, although 
only a few quantitative analyses exist to date (easterling et al., 007; Ziska and runion, 
007). weeds show a larger range of responses to elevated Co than crops due to their 
greater genetic diversity (Ziska and runion, 007). furthermore, increased wind speeds 
will facilitate the dispersal of disease spores.
Soil-C stores are expected to decline as increased temperatures promote microbial 
activity and the breakdown of organic matter (anderson, 99; Smith and almaraz, 
004; Lotze-Campen and Schellnhuber, 009). This phenomenon is expected to be most 
pronounced in arctic and sub-arctic regions where organic matter remains in soils for 
long periods of time due to temperature-limited microbial activity. However, increased 
allocation of C to plant-root systems in response to increased Co levels may offset these 
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losses (Suter et al., 00). The increase in root mass may also benefit mycorrhizal fungi 
and increase the production of glomalin, a glycoprotein produced by endomycorrhizae 
that contributes to soil aggregation, thus mitigating soil erosion resulting from higher 
wind speeds and drier soil conditions (rillig et al., 999).
timing of heat stress is critical for crop development. for example, high-temperature 
stress during grain filling of chickpea, canola and mustard resulted in greater losses of yield 
than during the flowering stage (Gan et al., 004; wang et al., 006). In Mediterranian 
rain-fed regions, chickpea grain yields were 50 to 80% greater with early planting (late 
autumn, early to mid-winter) because of a longer vegetative period, extended flowering 
and maturing phases and better environmental conditions (Lopez-Bellido et al., 008).
a Canadian study (almaraz et al., 009) showed that sorghum could do well in Canada 
under climate-changed conditions. Sorghum is known to produce an extensive root system 
early in its development and to close its stomata quickly when faced with increasing water 
deficit. a study in Uzbekistan (Bourgault, Madraootoo and Smith, unpublished data) 
showed that mung bean is considerably better at handling water deficit than common bean 
due to its higher root:shoot ratio and restriction of water loss through stomatal control. 
together, these studies suggest that larger root development, for better soil-water access, 
and stomatal restriction of water loss are two important elements of crop adaptation to 
drier conditions. 
an evaluation of drought stress on dry-bean cultivars in the United States demonstrated 
reductions in yield and seed weight of 60% and 4%, respectively, with a 4-day increase 
in growing season (Singh, 007).
Production-System adaptations to Increasing atmospheric 
temperatures
Crop development and total agricultural production depend directly on climatic factors, 
such as temperature and precipitation, and will, therefore, be directly affected by climate 
change (Salinger, 005; Lotze-Campen and Schellnhuber, 009). How emerging climate 
changes will impact agricultural production is difficult to predict and remains uncertain 
(Lobell et al., 008; Challinor et al., 009). 
rising atmospheric temperatures will have both direct and indirect consequences for 
crop plants. Greater heat stress will likely be experienced more often by temperate-adapted 
species, potentially reducing their photosynthetic efficiency and increasing their suscep-
tibility to pests, disease, and competition from weedy species (Garrett et al., 006). This 
will probably result in a need for more-frequent pesticide applications, more-careful pest 
monitoring, and development of pest-resistant crops. 
Climate-change conditions will affect crop yields and may require changes in the types 
of crops produced in a given area. Increased spring and winter temperatures will increase 
the length of the growing season in Canada, increasing agricultural production with the 
introduction of new varieties and species of crop plants that demand longer periods for 
maturation than are currently grown. warmer autumn conditions in Quebec are already 
leading to a longer growing season (almaraz et al., 008) and simulation models predict 
an increase of 30 to 45 days in growing-season length by the end of the st century in 
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the main agricultural regions of ontario and Quebec (Bootsma et al., 004). In contrast, 
in the United States, corn and soybean yields decreased in response to increased growing-
season temperature, with an observed reduction of 7% for each degree Celsius increase 
in average temperature (Lobell and asner, 003). 
northern nations, such as Canada, are expected to have the most drastic changes as 
higher latitudes see greater temperature increases relative to equatorial regions (IPCC, 
00). for example, over the past three decades, Quebec’s Monteregie region has seen a 
general trend of increasing temperature, with the greatest change in the growing season 
occurring at the end of the season (September) where a mean increase of .8°C has oc-
curred, whereas precipitation levels have shown no significant change over the same time 
period. an increase in average corn yields of 8 kg ha− year− was observed between 
973 to 005, and was explained, in part, by the increased September temperatures 
(almaraz et al., 008). 
earlier springs may allow earlier planting of low-temperature-sensitive crops, early 
maturing and harvest, and possibility of double-cropping practices, which could greatly 
increase total productivity in parts of the northern hemisphere (Lotze-Campen and 
Schellnhuber, 009). Lengthening of the growing season may also bring grain-corn pro-
duction to areas of the United Kingdom where it is currently too cool (Kenny, 993).
The productivity of C3 plants is expected to increase in response to increasing Co and 
this will mitigate energy losses associated with photorespiration (Kimball et al., 00). 
Increasing temperatures are likely to reduce stomatal aperture and duration of stomatal 
opening, a response to increasing leaf evapotranspiration through cuticular water losses. 
This is expected to increase the water-use efficiency of C3 plants, which may make them 
more adapted to agricultural areas that experience decreased water availability through 
increased temperature, reduced rainfall, and/or reduced glacial runoff. 
warmer conditions on the Canadian prairies may allow production of winter wheat in 
areas where this was not previously possible. at higher latitudes, yields of winter wheat 
are generally higher than those of spring wheat. In part, this may be because they resume 
growth almost as soon as the snow cover has gone, enabling exploitation of soil moisture 
resulting from snow melt. one must wait until the soils become sufficiently dry to seed 
spring crops. The earlier development of winter cereals may also allow them to escape 
potentially hot and dry mid-summer conditions of a climate-changed world.
traditional breeding programs should focus on selecting and optimizing heat-tolerant 
genotypes to replace current varieties. Molecular-genetics research will also play an im-
portant role in identifying specific genes associated with stress tolerance (Goswami, 006; 
Lotze-Campen and Schellnhuber, 009). Several specific targets for genetics-based adapta-
tion of crop plants to emergent climate change include (Smith and almaraz, 004):  
• increasing length and rate of development of plant-root systems;
• increased ability for osmotic adjustment in response to dry conditions;
• quicker stomatal closure at the onset of moisture stress;
• stronger responses to abscisic acid (aBa), which mediates many responses to 
drought;
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• increasing water-use efficiency; and
• reduced cuticular and stomatal transpiration.
Identification of genes associated with these characteristics may lead to the development 
of genetically engineered cultivars much better adapted to emergent climate change.
Some tillage systems need improvement; for example, lower spring soil temperatures 
associated with no-till currently limit early crop development in much of the St. Lawrence 
Lowlands of Quebec (Mcrae et al., 000). no-till systems will become more feasible as 
conditions warm, allowing more sequestration of C in soil, better retention of water in 
soil, increased crop response to nitrogen fertilizers leading to reduced fertilizer application, 
and decreased soil erosion (Smith and almaraz, 004; almaraz et al., 009; Lotze-Campen 
and Schellnhuber, 009).
average precipitation levels have increased by 5 to 35% over the past three decades in 
Canada (Zhang et al., 000). However, net evaporative demand is also increasing and 
in some areas the increased evaporation will outstrip increased rainfall, leading to drier 
conditions. nevertheless, in general, the outlook for Canada, with regard to climate 
change, is much better than for most of the world.
In temperate regions where conditions become hotter and drier, production of C4 crop 
plants could be expanded as a way to adapt. C4 plants are naturally more suited to these 
conditions than C3 species (ainsworth and Long, 005) making them more tailored to 
emerging climate trends.
Indirect impact on crop plants will involve ecosystem changes as species composition 
is altered, both through emigration to the north and immigration from the south. also, 
migrating populations of invasive and endemic species will need to be managed. 
need for cultivars with high pest and disease resistance will increase as new pests and 
pathogens migrate northward into Canadian agricultural areas. Genetic engineering of 
crop plants may be of assistance. Monitoring of pests currently existent just south of the 
border, and quarantine measures, should also be undertaken.
adaptation strategies to climate change include:
• altering varieties with increased resistance or tolerance to heat and drought stress 
and altering the timing of planting or location of crops;
• adjusting fertilizer rates; and
• use of technologies for water preservation and integrated pest management.
adaptations are efficient if costs of implementation are less than the resulting benefits 
(Mendelsohn, 000; Howden et al., 007; Lotze-Campen and Schellnhuber, 009).
There is evidence that past climate shifts have caused social disruptions (Hodell et al., 
00) including human migrations. In north america, there will be a northward migra-
tion of crop production (Smith and almaraz, 004). for instance, the Palliser triangle may 
became too dry for annual crop production, whereas more northerly areas of the Canadian 
prairies will become warm enough for crop production (faculty of agricultural and food 
Sciences University of Manitoba, 994; Smith and almaraz, 004). a northward move-
ment of agricultural activities will require the development of rail infrastructure in the 
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Canadian north. at the same time, as conditions warm, it may become more feasible to 
ship larger amounts of grain from the port of Churchill (Smith and almaraz, 004). Cur-
rent public policies promote the production of established crops in given areas. we need 
new, more flexible policies that allow the introduction of new crops and cropping practices 
that are better adapted to a climate-changed world (Smith and almaraz, 004). 
Dynamic adaptation policies are necessary. areas where adaptation policies have to be 
further developed are water management and distribution, optimization of land resources, 
carbon credits, management in agriculture including implementation of new technologies 
and changing of agricultural practices, government programs supporting carbon credits 
and trading and promotion of sustainable agricultural systems.
Studies of cropping systems indicate potential benefits from management adaptation 
under warming conditions and increased rainfall. for example, potential benefits for wheat 
have been estimated at about 8% in temperate and tropical wheat-growing systems and 
0% for rice and maize (Howden et al., 007). research advances in agriculture and 
forecast modeling of crop adaptation to climate change will enhance the capacity of food 
producers to manage the risk, by using the new adaptation strategies; however, this is an 
area that needs more research effort, which should be started soon. 
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